Introduction {#Sec1}
============

Invasive alien species represent one of the main causes of the current global biodiversity crisis (Genovesi [@CR28]; Bellard et al. [@CR5]). Biological invasions may shape and modify native biodiversity communities, by means of impacts including competition, ecological alterations, economic and health costs (Mack et al. [@CR39]; Mazza et al. [@CR41]). A detailed knowledge on the spatiotemporal behaviour of invasive alien species is pivotal to implement the success of removal operations (Bertolino et al. [@CR9]; Capizzi [@CR13]). Accordingly, assessing when alien species are active may help timing operations of numerical control, so to increase success of management interventions (Mazza et al. [@CR42]; Andreoni et al. [@CR2]). Camera-trapping have been widely reported to be a reliable tool to assess vertebrate activity rhythms (Ridout and Linkie [@CR59]; Monterroso et al. [@CR47]; Torretta et al. [@CR65]; Mori et al. [@CR50]), as they provide similar results to radio-tracking (Lashley et al. [@CR32]) when at least 30--50 detections are available (Ridout and Linkie [@CR59]).

Among invasive vertebrates, the coypu *Myocastor coypus* (Molina, 1782) is a large semiaquatic rodent native to the subtropical regions of South America (Woods et al. [@CR67]; Carter and Leonard [@CR15]). In the XX century, the coypu has been widely traded and introduced outside of its native range for fur-farming (Carter and Leonard [@CR15]). In Italy, first coypus in the wild were observed in the 1960s and it now occurs in all regions, but for Aosta valley, including major islands (Sicily, where no observation are available since 3 years, and Sardinia: Bertolino and Cocchi [@CR1000]). On one hand, impacts and spatial behaviour of this species are widely known. Coypus select waterways with weak streams and dense riparian vegetation (Woods et al. [@CR67]; D\'Adamo et al. [@CR23]; Roviani et al. [@CR60]), but they may also colonise polluted habitats and urban areas too (Meyer et al. [@CR45]; Corriale et al. [@CR19]). Where introduced, they may affect native environments by (1) feeding on natural vegetation (Prigioni et al. [@CR58]; Marini et al. [@CR40]) and crops (D'Adamo et al. [@CR23]; Panzacchi et al. [@CR55]), (2) crashing the eggs of waterbirds using floating nests as resting sites (Angelici et al. [@CR3]; Bertolino et al. [@CR8]) and (3) burrowing in riverbanks (Carter and Leonard [@CR15]). Furthermore, a sanitary impact by this rodent is also recorded, as it represents a reservoir for several zoonoses (Mènard et al. [@CR43]; Nardoni et al. [@CR52]; Zanzani et al. [@CR68]). On the other hand, data on activity rhythms of this species are scanty, thus potentially limiting the success of killings for numerical control. Coypus are reported to be mostly nocturnal, but with some diurnal activity in cold season and where supplemental food is provided by humans, according to studies in captivity (Lomnicki [@CR36]; Gosling [@CR30]), based on indirect signs of presence (Gosling et al. [@CR31]; Chabreck [@CR17]), on very few radio-tagged individuals (*N* = 6: Palomares et al. [@CR54]; Meyer et al. [@CR45]), or for a low amount of time (e.g., 7 days in winter: Palomares et al. [@CR54]). In Italy, the coypu is excluded from protected species (National Law 157/1992). Plans of numerical control of this large rodent are widespread in Northern and Central Italy, mostly involving direct captures with cages or direct killing through firearms (Bertolino and Cocchi [@CR1000]).

Human activity and predator presence are reported to influence activity rhythms of prey species, including rodents (Yoneda [@CR69]; Mohr et al. [@CR46]; Patergnani et al. [@CR56]). In our work, we assessed the seasonal variation of patterns of activity rhythms of the coypu in three areas of Italy characterised by contrasting habitat composition, through intensive camera-trapping. We predicted that (1) activity of coypu would change seasonally, (2) coypus would be mostly crepuscular and nocturnal in our study areas, (3) diurnal behaviour would be more evident in suburban areas, where predation risk is suggested to be the lowest and where humans are known to feed coypus, with respect to rural ones.

Materials and methods {#Sec2}
=====================

Data gathering {#Sec3}
--------------

During the Italian national lockdown due to SARS-CoV-2 pandemic outbreak, we carried out a survey on the camera-trapping Facebook group "Fototrappolaggio Naturalistico" (<https://www.facebook.com/groups/216574218424779>, *N* followers = 9765) and we asked whether someone has camera-trapped a good amount of coypu records (*N* ≥ 30 per season: Lashley et al. [@CR32]), to draw patterns of activity rhythms. Successful camera-trapping of semiaquatic mammals may be difficult because of their lower body temperature, which may fail in triggering camera sensors (Lerone et al. [@CR34], for the Eurasian otter *Lutra lutra*). Amongst 28 respondents, only three provided us with a relevant amount of videos from three study areas. Other 12 carried out camera-trapping to assess presence and densities of other species (e.g., the wolf *Canis lupus*, the wild boar *Sus scrofa*, small carnivores) and deleted most of their coypu videos.

Study areas and camera-trapping sampling design {#Sec4}
-----------------------------------------------

We obtained data from three sites.Site 1 ("Oasi WWF Le Bine", provinces of Mantova and Cremona, N Italy: 45.14°N--10.44°E, 24--26 m a.s.l., 96 ha), along the Oglio river banks. This area is currently covered with arboreal cultivations (29%), fallows (22%), hygrophilous woodland (19%), water mirrors (16%), weeds (10%) and riparian vegetation (4%) (Cecere and Ravara [@CR16]; Agapito Ludovici et al. [@CR4]). The thermal regime shows a winter minimum in January (2 °C) and a summer maximum in July (22 °C), with a mean annual temperature of 13 °C. Precipitations show instead an annual average of 829 mm, with a peak (about 95 mm) in October (Agapito Ludovici et al. [@CR4]). Camera trapping in 30 ha of this area is ongoing since May 2015, with three camera traps placed along water mirrors (camera trap models: ScoutGuard^®^ SG550-12mHD, ScoutGuard^®^ SG2060-X and BG962-30W), kept constantly active throughout the year. Apart from a single house within the study area, the straight distance Site 1-nearest settlement (including sheds, barns and industrial areas) was 539 m, the one Site 1-nearest residential area (village or town) was 1900 m. At least 50--60 coypus occurred in the study area at the time of field work.Site 2 (Bagno a Ripoli, province of Florence, C Italy: 43.74°N--11.31°E, 125--139 m a.s.l., 26 ha), along the Ema river banks in the Florence metropolitan area. This site is mostly covered with cultivations (73%), followed by deciduous woodland (12%), irrigation canals (10%) and human settlements (5%). The thermal regime shows a winter minimum in January (2 °C) and a summer maximum in August (29 °C), with a mean annual temperature of 14.5 °C. Precipitations show instead an annual average of 870 mm, with a peak (about 115 mm) in November (cf. Giuntini [@CR29]). Camera trapping in this area has been ongoing since January 2019, with three camera traps (Multipir 12^®^, Scouting Camera) placed on trails along irrigation ditches and kept constantly active throughout the year. The straight distance Site 2-nearest settlement (including sheds, barns and industrial areas) was 150 m, as well as the one Site 2-nearest residential area. A total of 25--30 coypus were counted in this area at the time of our field work.Site 3 (Villa Ceccolini, province of Pesaro-Urbino, C Italy: 43.86°N--12.85°E, 62--75 m a.s.l., 4 ha). This site is located in a rural area, and includes a small hygrophilous deciduous woodland (78% of the study area), with a pond (16%) surrounded by riparian vegetation (4%), and forest glades (2%). The thermal regime shows a winter minimum in February (3 °C) and a summer maximum in July (24 °C), with a mean annual temperature of 13 °C. Precipitations show instead an annual average of 828 mm, with a peak (about 99 mm) in October (Farina and Cavitolo [@CR25]). Camera trapping in this area has been ongoing since January 2020, with two camera traps (Apeman^®^, H70) kept constantly active. The straight distance Site 3-nearest settlement (including sheds, barns and industrial areas) was 202 m, the one Site 3-nearest residential area (village or town) was 1110 m. About 8--10 coypus were present in the pond at the time of our field work.

In all study sites, no control programme for the coypu was currently ongoing. In Site 2, some coypu individuals were killed through firearms in 2018. The main predators of the coypu are the red fox *Vulpes vulpes*, which occurs on all the study sites, and the grey wolf *Canis lupus*, present in Sites 2 and 3 (Berzi [@CR10]; Supplementary File 1), which mostly prey on coypu in winter (Ferretti et al. [@CR27]). As to Site 1 and Site 2, we have data for all the four seasons, whereas we have only winter data for Site 3. In all sites, camera-traps were opportunistically placed on the coypu trail around ponds, ditches and rivers. Camera-trap stations were separated from one-another by at least 500 m in straight line, so to reduce pseudo-replication bias (O'Connell et al. [@CR53]), so to cover the entire water bodies hosting coypus in the three study areas. Accordingly, with this inter-camera distance, we put the higher number of possible camera traps in each study area. Cameras were placed at \~ 130--150 cm from the ground level and were activated 24 h/day, to take one video every time an animal passed in front of the camera trap. Checks occurred once every 10 days to download data and replace empty batteries. We detected no significant spatiotemporal bias in sampling across different seasons (Rayleigh test, *Z* = 13.25, *p* = 0.08) (O'Connell et al. 2011). As to Site 1, we detected no significant difference in circadian rhythms across years and across the same seasons in different years (Mardia-Watson-Wheeler tests: 0.018 \< *W* \< 0.159; *p* \> 0.10). Thus, we pooled together all coypu videos occurring in the same seasons in different years for our analyses (Mori et al. [@CR50]). We defined the night as the period included between 1 h after sunset and 1 h before sunrise (Carnevali et al. [@CR14]).

Patterns of activity rhythms {#Sec5}
----------------------------

We divided the study period of each study area (Site 1, 2015--2020; Site 2, 2019; Site 3, 2020) into four astronomical seasons (spring, summer, winter and autumn). Analyses were carried out on both total and seasonal scales. We defined activity outside burrows as the cumulate period animals spend outside dens, regardless of their behaviour (Meredith and Ridout [@CR44]; Lashley et al. [@CR32]). For all coypu videos, we reported the date and the solar hour of capture (directly shown on the video) on a dataset. The use of solar hour allows a better evaluation of activity patterns as, differently from "legal hour", it is defined by the position of the sun in the sky regardless to the local time which varies among seasons. We limited pseudoreplication bias by counting as one "independent event" all coypu videos taken by the same camera trap in less than 30 min (Monterroso et al. [@CR48]; Torretta et al. [@CR65]). When more than one coypu video was recorded by the same camera trap in ≤ 30 min, we kept in our dataset only one record, placed in the mid-time between the first and the last video.

We used the software R (version 3.6.1., R Foundation for Statistical Computing, Wien, Austria: [www.cran.r-project.org](http://www.cran.r-project.org)), package *overlap* (Meredith and Ridout [@CR44]) to assess activity rhythms and patterns of inter-seasonal temporal overlap. We estimated the coefficient of overlapping (Δ) between temporal activity patterns of all pairwise season combinations in the same study area. We also calculated overlap among activity patterns in the same season in different study sites. The coefficient of overlapping ranges between 0 (no overlap) and 1 (total overlap: Linkie and Ridout [@CR35]; Meredith and Ridout [@CR44]). We calculated the Δ~4~ estimator when the smallest sample of each pairwise comparison was \> 75 records, Δ~1~ if at least one of the sample of each pairwise comparison was \< 75 records (Linkie and Ridout [@CR35]; Meredith and Ridout [@CR44]). The 95% confidence intervals (hereafter, 95% CI) of the coefficient estimator were estimated using 10,000 bootstrap replicates (Dias et al. [@CR24]). Overlap was "intermediate" with Δ included between 0.50 and 0.75 was considered as, "high" with Δ \> 0.75, "very high" with Δ \> 0.90 (Monterroso et al. [@CR48]; Mazza et al. [@CR42]). The Mardia-Watson-Wheeler W-test (MWW test, *U*^*2*^) was used to compare inter-seasonal overlap between different study sites, and same-season overlap between each site pair (Monterroso et al. [@CR48]); it was calculated through the R package *circular* (Lund et al. [@CR37]). We also tested whether sky brightness affected the activity of the coypu by classifying surveyed nights according to moon phases and epact: (1) epact days = 0--3, 26--29; (2) epact days = 4--6, 21--25; (3) epact days = 7--9, 17--20; (4) epact days = 10--16 (Mori et al. [@CR49]). We performed a chi-squared test on the numbers of videos recorded during each of these moonlight periods, to assess if they were uniform throughout epact days (Mori et al. [@CR49], [@CR50]).

Results {#Sec6}
=======

In our analyses, we included a total of 447 independent records from Site 1 (autumn, *N* = 174; winter, *N* = 78; spring, *N* = 137; summer, *N* = 58), 188 from Site 2 (autumn, *N* = 42; winter, *N *= 60; spring, *N *= 43; summer, *N* = 43), 72 from Site 3 (winter only: Supplementary File 2), for a total of 5198 camera trap-nights.

Annual patterns of temporal rhythms at Sites 1 and 2 showed that the peak of coypu activity occurred in crepuscular hours (Site 1), at night in suburban ones (Site 2). Overlap of annual active patterns between Sites 1 and 2 was intermediate, i.e., 60% (Δ~4~ = 0.60, 95% CIs 0.57--0.71). Inter-seasonal overlaps of activity rhythms ranged between intermediate (Δ = 0.55) to high values (Δ = 0.81) in Site 1 (Fig. [1](#Fig1){ref-type="fig"}) and Site 2 (Fig. [2](#Fig2){ref-type="fig"}). Particularly, in Site 1, the highest overlap occurred between winter and spring, i.e., when most of the watercourses are frozen and coypus are mostly diurnal. In Site 2, overlap levels were always high, except for pairwise comparison involving autumn, showing intermediate overlap levels.Fig. 1Inter-seasonal activity patterns of the coypu in Site 1 (Oasi WWF "Le Bine"). Coefficients of temporal overlap and 95% relevant CIs are reported at the bottom of each graph. The mean value of coefficient of overlapping is represented by the light grey area under the curvesFig. 2Inter-seasonal activity patterns of the coypu in Site 2 (Bagno a Ripoli). Coefficients of temporal overlap and 95% CIs are reported. The mean value of coefficient of overlapping is represented by the light grey area under the curves

We detected no significant difference in pairwise seasonal overlaps between study sites (MWW tests: 0.0417 \< *U*^*2*^ \< 0.1528, *p* \> 0.05).

Same-season overlaps of temporal activity across study sites (Fig. [3](#Fig3){ref-type="fig"}) ranged between 49% (Δ = 0.49) and 77% (Δ = 0.77). The overlap winter-winter between Sites 2 and 3 was significantly higher than the overlaps winter-winter between both sites and Site 1 (MWW test: *U*^*2*^ = 0.2452, *p* \> 0.03).Fig. 3Same-season overlap patterns of the coypu across study sites. Coefficients of temporal overlap and 95% CIs are reported. The mean value of coefficient of overlapping is represented by the light grey area under the curves

Coypus avoided darkest nights in spring and summer, as well as on the total survey period, at Site 1. Conversely, this rodent avoided bright full moon nights at Sites 2 and 3 only in winter; in other seasons, its activity rhythms did not depend on moon phases (Table [1](#Tab1){ref-type="table"}).Table 1Values of *χ*^2^ test (3 degrees of freedom) on activity of coypus related to the four moon phases identified (cf. Methods)WinterAutumnSpringSummerYearSite 14.25 (0.24)2.27 (0.52)41.34 (\< 0.001)\*23.28 (\< 0.001)\*20.87 (\< 0.001)\*Site 212.11 (0.007)\*1.04 (0.79)4.67 (0.20)3.27 (0.35)2.83 (0.417)Site 315.33 (0.002)\*--------*p* values are in brackets: \*significant values

Discussion {#Sec7}
==========

Our work showed the result of a pilot study on the activity rhythms of the coypus in three study areas characterised by different environmental features. We are aware of the limits related to small sample sizes (i.e., three areas, with at max three camera traps/site), but first results are suggestive and in line with behaviour of other rodent species with changing predation pressure and human activity (Yoneda [@CR69]; Mohr et al. [@CR46]).

Differently from radio-tracking, camera-trapping is intrinsically limited by the imperfect detectability of animals (Burton et al. [@CR12]). However, a number of recent works has shown that it may provide reliable estimates of activity rhythms (Meredith and Ridout [@CR44]), even when local abundance of species is not available (Monterroso et al. [@CR47]; Lashley et al. [@CR32]; Chen et al. [@CR18]). This is quite a common issue with species living also in concealed habitats (Ridout and Linkie [@CR59]), e.g., the coypu. In our work, coypus showed a great ecological plasticity: they may have adapted their temporal behaviour to seasons within the same site and to local environmental conditions in different sites, thus confirming our prediction (1). This is suggested by the low overlap in annual activity rhythms between the natural site (Site 1) and the suburban one (Site 2). As well, same-season overlaps between these areas were low, furtherly supporting the hypothesis of different local adaptations.

In the natural area, coypus showed an activity peak at dusk throughout the year. A diurnal peak occurred in winter, i.e., when nights are the coldest (up to − 6 °C: cf. Agapito Ludovici et al. [@CR4]), and coypus compensate by foraging during daylight. In our study area, diurnal activity decreased in spring and almost disappeared in summer and autumn. The local absence of large wild predators (e.g., the wolf and the golden jackal *Canis aureus*: Woods et al. [@CR67]), of control plans and of human disturbance may have favoured the coypu activity in daylight hours. This result confirmed data by Davis and Jenson ([@CR22]) and by Gosling et al. ([@CR31]), who showed that coypu may become diurnal in cold months. Presumably, this adaptation to daylight hours is an adaptive response to limit energy loss and to maintain an adequate food intake at low environmental temperatures (Gosling [@CR30]). Freezing of the surface of water bodies at night may prevent coypus to feed on aquatic vegetation, i.e., the staple of its diet (Prigioni et al. [@CR58]; Marini et al. [@CR40]). Accordingly, food provided to captive coypus throughout the 24 h cycle restored the crepuscular and nocturnal behaviour of this large rodent (Lomnicki [@CR36]; Gosling [@CR30]). Meyer et al. ([@CR45]) also suggested that coypu diurnal behaviour may represent an adaptation to urban environments in Germany, where humans tend to feed this large rodent. Radio-tagged coypus in urban areas in Germany were never detected between midnight and sunrise (Meyer et al. [@CR45]). Conversely, in our suburban study area, activity of the coypu peaked after sunset. Crepuscular and nocturnal behaviour are in line with previous studies in natural environments (i.e., far from human settlements) both in the native and in the introduced range (Chabreck [@CR17]; Palomares et al. [@CR54]), as well as with studies on other large rodents (i.e., porcupines *Hystrix* spp.: Corsini et al. [@CR20]; Fattorini and Pokerhal 2012), including semiaquatic ones (i.e., the musk rat *Ondatra zibethicus* and the beaver *Castor fiber*: Svihla and Svihla [@CR61]; MacArthur [@CR38]; Swinnen et al. [@CR62]; Pontarini et al. [@CR57]). In our suburban study area, the nocturnal behaviour is maintained by the coypu also in winter, as temperatures of this area rarely go below 0 °C (Giuntini [@CR29]), which may not affect the commonest locomotor pattern of this species (Wood et al. 1992). Moreover, differently from urban location by Meyer et al. ([@CR45]), our study site was located in the peripheral quarters of a metropolitan area which counts for over 950 human inhabitants/km^2^. Human disturbance and a highly busy beltway may have forced coypus to rest in their den setts in daylight hours, being more active at night. We are aware that several individuals have been killed with firearms in 2018 in this area (i.e., one-two years before our camera trapping study), which might have increased coypu activity in darkest hours (Gosling et al. [@CR31]). In fact, in Great Britain, during the national coypu eradication programme, these rodents were mostly killed during daylight (Gosling et al. [@CR31]).

Furthermore, the wolf, i.e., the main predator of the coypu in Italy (Ferretti et al. [@CR27]) is present in this area, as also confirmed by three records in our camera-trap survey, and this may have helped bringing coypus to be more active when their detectability is the lowest, i.e., in darkest hours. Similarly, despite we have only winter data, coypus were strictly nocturnal also in a natural area (Site 3) located at the same latitude of the suburban one (i.e., similar winter temperatures), characterised by the presence of the wolf. We suggest that human pressure and predator presence have created a sort of "landscape of fear" for the coypu, which has adapted a mostly crepuscular/nocturnal behaviour in our suburban area to limit encounters with humans and to lower its detectability by natural predators (Tolon et al. [@CR64]; Laundrè et al. [@CR33]; Brivio et al. [@CR11]). This would also reflect the nocturnal behaviour of the coypu in its native range (Palomares et al. [@CR54]), where a number of potential predators occurs (e.g., the jaguar *Panthera onca*, the puma *Puma concolor*, the ocelot *Leopardus pardalis*, the oncilla *L. tigrinus* and six species of grey foxes *Lycalopex* spp.). Despite most predators being nocturnal in Europe (Mori et al. [@CR51]), which may suggest an increase in encounter rate with nocturnal coypus, this large rodent has also shown another temporal adaptation.

Moon phases influence the ranging behaviour of mammal species, with predators being mostly effective when some light occurs (e.g., the grey wolf: Theuerkauf et al. [@CR63]), as their visual detection of prey is increased (Cozzi et al. [@CR21]; Monterroso et al. [@CR47]). As a response, prey species (e.g., rodents) tend to shift their ranging movements towards close or dark sites/nights (Alkon and Saltz [@CR1]; Fattorini and Pokheral [@CR26]; Upham and Hafner [@CR66]). In Central Italy, the coypu is mostly preyed by the grey wolf in cold months (Ferretti et al. [@CR27]), which may explain why this large rodent avoided bright moonlight only in winter, both in Site 2 and in Site 3. Consistently, in a natural area where the wolf is not present, besides diurnal behaviour, nocturnal bouts are concentrated in brightest moonlight, with coypus avoiding darkest nights. This fits with the behaviour of a mainly nocturnal semiaquatic rodent, the European beaver *Castor fiber*: this species, at night, select bright moonlight nights in absence of predators to better forage (Swinnen et al. [@CR62]). Thus, our prediction (2) and (3) were only partially fulfilled, as other environmental constraints we did not consider in our analyses may shape the local behaviour of the coypu.

Eradication of the coypu could be possible no more for peninsular Italy; therefore, control programmes are ongoing to limit impacts on native biodiversity. Effectiveness of management strategies in the long-term could not circumvent ecological information on the target species, including patterns of activity rhythms, also to limit costs (cf. Bertolino et al. [@CR6]; Bertolino and Viterbi [@CR7]). The great ecological plasticity allowed coypus to adapt to a number of different environmental conditions ranging from natural ponds, to swamps, to riverine habitats in urban areas. Success of coypu control is related to local population density, social behaviour and spatiotemporal ecology, which should, therefore, be previously assessed.
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